When rigid histological criteria are applied, the incidence of chronic pyelonephritis in consecutive routine hospital necropsies has been found to be between 3 and 9% (Gibson, 1928; Jackson, Dallenbach, and Kipnis, 1955; Brod, 1956 ; Kimmelstiel, Kim, Beres, and Wellmann, 1961) .
Retrospective examination of hospital records shows that the lesion was unsuspected in a substantial proportion of these patients (Jackson et al. 1955) . It is known that many patients suffering from chronic pyelonephritis do not give a history of previous urinary tract infection and the urine is frequently found to be free from infection. This has raised doubts in the minds of some workers about the relationship between acute urinary tract infection and chronic pyelonephritis, and Kimmelstiel et al. (1961) do not consider that the role of bacterial infection in chronic pyelonephritis is established. Although it is obviously impossible to implicate bacterial infection in every case evidence from two directions supports the view that renal infection is able to initiate a process which progresses to chronic pyelonephritis. First, follow-up studies on children who have had urinary tract infection have shown that an alarmingly high proportion died from chronic pyelonephritis (Woodruff and Everett, 1954; Macaulay and Sutton, 1957) . Secondly, it is possible to induce acute pyelonephritis in a group of experimental animals and then study the progress of the lesion by killing the animals at subsequent intervals and examining their kidneys. In this way workers were able to demonstrate the progressive development of a renal lesion which satisfied the strictest criteria of chronic pyelonephritis (Heptinstall, Michaels, and Brumfitt. 1960) . ' This review was part of a symposium on non-tuberculous urinary tract infections held at the Association of Clinical Pathologists' spring meeting at Bristol on 10 April 1964.
It seems possible, therefore, that bacterial infection plays a part in the aetiology of all cases of pyelonephritis but infection may be associated with vascular or auto-immune processes in addition. Knowledge of the aetiology is of great importance in attempts to prevent chronic pyelonephritis, for if infection alone is the cause early detection and elimination of urinary tract infection will be effective. If bacterial infection initiates another pathological process which is itself progressive then the effectiveness of antibacterial chemotherapy will be less.
Vascular lesions Kincaid-Smith (1955) suggested that much of the scarring seen in the chronic stage of pyelonephritis was the end result of a narrowing of the lumina of arteries of interlobular and arcuate size which in turn was a consequence of the acute arteritis at the stage of acute infection. To study this theory further we induced acute pyelonephritis in rabbits and observed progression towards chronic pyelonephritis by sacrificing animals at the appropriate intervals over a period of nine months . Arteriography of the intact kidneys and subsequent histological examination showed that ischaemia caused by organic arterial narrowing played an insignificant part. Furthermore, Kimmelstiel (1960) studied human material from a large number of cases of acute pyelonephritis and was only once able to demonstrate an arteritis.
Auto-immune mechanisms An immunological basis for chronic pyelonephritis has been suggested by the histological similarity to that seen in transplanted kidneys (Simonsen, Buemann, Gammeltoft, Jensen, and J0rgensen 1953) . This has led to the examinationofserafor kidney antibodies irompatientswith bacteriuria as well as from those with chronic pyelonephritis (Mackay and Larkin, 1958; Kramer, Watt, Howe, and Parrish, 1961 ; Kalmanson and Guze, 1962, Pathogenesis and laboratory diagnosis of non-tuberculosis urinary tract infection: A review 483 the view that auto-immune mechanisms play a part in the genesis of chronic pyelonephritis.
Persistent infection It was suggested many years ago (Box, 1908) It has been suggested that organisms may survive as spheroplasts in the hypertonic environment of renal medulla and by periodically reverting to bacilliary forms produce recurrent episodes of infection (Braude, Siemienski, and Jacobs, 1961; Alderman and Freedman, 1963) . However, it is difficult to obtain direct evidence of foci of infection from patients with subacute or chronic pyelonephritis. Culture of 66 kidney biopsies which showed histological features suggestive of chronic pyelonephritis, supported either by characteristic radiological changes or subsequent post-mortem confirmation, were all sterile (Brumfitt, 1964) . We have therefore made a different approach to the problem by looking for antibodies against the organism responsible for acute renal infection (Brumfitt and Percival, 1964) . It has been found that patients with a lesion involving the renal tissues have significantly greater levels of antibody against the 0 antigen of the organism responsible than those patients in whom infection is confined to the bladder. Where the renal lesion persists the antibody titre remains elevated but if the infection is then eliminated by chemotherapy the serum antibody gradually disappears.
Further evidence of persistent renal infection is available from animal experiments where acute infection was induced in both kidneys of the rat by temporary ureteric occlusion combined with intravenous injection of Esch. coli. The infection was allowed to heal for periods of six weeks and three months at which time the left ureter was completely occluded and the animals were killed 48 hours later.
Organism counts of both kidneys showed that reactivation of the infection took place in a high proportion of rats at six weeks and in a smaller but significant number of rats at three months (Lucas, 1908; Idbohrn and Muren, 1956 Ascending infection Infection of the urine is more common in women than in men, at least until the age of prostatic hypertrophy is reached when the incidence of urinary tract infection in males shows a sharp increase. One important reason for this difference is that the female urethra is only 4 cm. in length compared with an average length of 20 cm. in the male. Helmholz (1950) found that bacteria could be recovered from 49% of 72 normal male urethras at a depth of 5 cm., both Gram-negative and Gram-positive bacteria being isolated. Bacteria, including Escherichia and Proteus species, are also present in the female urethra (Guze and Beeson, 1956; Clabaugh and Rhoads, 1957) and therefore if colonization occurred as in the male it is possible that bacteria would constantly enter the female bladder. However, direct suprapubic aspiration of bladder urine in 12 patients produced sterile urine (Guze and Beeson, 1956 ) and the bladder is inherently resistant to infection (Guyon, 1889; Rovsing, 1898; Cox and Hinman, 1961a and b) . However, in ascending infection it is important to consider not only (1) host resistance but also (2) the ability of the infecting organism to initiate infection. These will be considered separately.
1 Local bladder defences (Cox and Hinman, 1961b) and inhibitory substances in the urine (Guze, 1961) may play a part in resistance to infection but at the present time little is known of their exact nature or importance. There is, however, no doubt that completely emptying the bladder at intervals is of primary importance in combating urinary tract infection. If bacteria gain access to the bladder urine the vast majority are washed away at micturition provided that the bladder is completely emptied (Fig. 1) . Where the bladder is incompletely emptied (Fig. 2) , once bacteria gain access to the bladder the residual urine containing bacteria provides an inoculum which leads to a gradual build-up of the bacterial population within the bladder. This situation may subsequently lead to tissue invasion and the development of a clinically apparent infection.
Structural or neuromuscular abnormalities which result in incomplete bladder emptying are known greatly to increase the risk of urinary infection and where the frequency of micturition is reduced the danger is further increased. However, it is likely that even minor degrees of temporary muscular dysfunction or incoordination, which lead to a residual urine of only a few millilitres, can be crucial in determining whether or not small numbers of bacteria in the bladder are able to initiate urinary infection.
Infection of the bladder wall is by no means always associated with spread of the infection to the upper urinary tract. This is because in the human, and in a number of animal species, the presence of a valve at the lower end of each ureter prevents urine from passing to the upper urinary tract when the intravesical pressure is raised during micturition. Obviously incompetence of this valve would allow access of infected urine to the upper urinary tract and this might lead to renal involvement (Fig. 3) . Also, the urine contained in the upper urinary tract would again enter the bladder when micturition was completed and would tend to perpetuate bladder infection by causing a residual urine (Fig. 3) .
It has been suggested that incompetence of the vesico-ureteric valve with reflux of urine is found in a Fig. 1 ) but note the reflux of urine on the right. When the bladder relaxes infected urine re-enters the bladder and allows persistence of infection (as in Fig. 2 ). If infected urine reaches the renal pelvis it may initiate an episode ofacute pyelonephritis.
substantial number of apparently normal individuals (Forsythe and Whelan, 1958) but this has been denied by most other workers (Campbell, 1951; Edwards, 1961; McGovern, Marshall, and Paquin, 1960) . There is no doubt that many patients with chronic pyelonephritis have an incompetent vesicoureteric sphincter and once reflux is established the mechanical effect of back pressure is said to be associated with progressive destruction of renal tissue (Edwards, 1960) , and, as already shown (Fig. 3) (Hanley, 1963) . It has also been shown at necropsy that where acute cystitis is associated with renal infection reflux is present in approximately half the patients (Brumfitt and Percival, 1964) . By contrast, if infection is confined to the bladder reflux cannot be elicited.
Our conclusion is that acute cystitis may produce inflammation and oedema round the ureteric orifice and this can lead to temporary reflux with spread of infection to the kidney. It is unnecessary to postulate primary incompetence of the vesicoureteric valve to explain ascending infection from the bladder to the upper urinary tract, although once established such a lesion increases the danger of renal involvement in a patient who is subject to recurrent lower urinary tract infection.
The final question is how bacteria reach the bladder and initiate the primary infection. We have evidence that in many patients infection of the bladder urine is preceded by a urethritis. The finding that infection is more common in women than in men and also more common in married than in single women suggests that a urethritis following sexual intercourse is responsible for the initiation of infection of the bladder urine. This probably occurs in two ways; first by increasing the number of bacteria entering the bladder and secondly because of the dysuria which accompanies urethritis the bladder may be incompletely emptied. Thus the two key factors of increased bacterial inoculum together with residual bladder urine allow infection to be established.
2 Most urinary infections are caused by Esch. coli and it has been shown that the majority of these strains belong to a few specific serological groups (Kauffmann, 1947; Ujvary, 1958) . This may suggest that not only do Esch. coli have a special ability to initiate urinary tract infection in the human but that there are particular strains which are more invasive for the urinary tract than others. Kauffmann (1947) claimed that Esch. coli strains capable of causing severe urinary tract infection in the human often possessed the K antigen. Experimental studies in the rat do not support this claim, since a strain of Esch. coli which possessed no K antigen regularly produced more severe renal lesions than a strain of Esch. coli which carried the K antigen .
It has also been found that a limited number of 0 groups are commonly associated with urinary tract infection (Ujvary, 1958; Rantz, 1962; Turck and Petersdorf, 1962) . Rantz (1962) further suggested that these 0 groups of Esch. coli were more invasive for the urinary tract than others but Turck and Petersdorf (1962) hold the view that infections by these organisms are common only because they are also prevalent in the environment.
In order to define the incidence of infection by these Esch. coli 0 serotypes we prepared antisera against 0 groups 1, 2, 4, 5, 6, 7, 9, 11, 18, 39, and 75. The results of our investigations in three groups of patients are shown in Table I . In the hospital patients nearly all had a history of recurrent urinary infections and the others became infected following instrumentation or operation on the urinary tract. It can be seen in Table I that the incidence of Esch. coli infections and the proportion which could be grouped were both significantly lower in these patients than in patients from domiciliary practice.
In women with bacteriuria of pregnancy the incidence of infection due to Esch. coli was similar to that found in domiciliary practice whilst the proportion of strains which could be grouped was similar to that seen in hospital patients. These findings in pregnant women (who were out-patients) raise the interesting possibility that they are more susceptible to infection than the other group of domiciliary patients studied.
In a small group of 11 domiciliary patients a rectal swab was taken immediately before collection of the urinary specimen. In addition to grouping the Esch. coli from the urine the group of each of 10 colonies of Esch. coli grown from the rectal swab was also determined. In three patients the urinary strain was not found in the faecal material whilst in another four it was not numerically preponderant.
Our findings, therefore, support the observations of Rantz (1962) that certain 0 groups of Esch. coli are more pathogenic for the urinary tract. However, the particular properties of those strains which confer the ability to initiate urinary tract infection have not yet been defined.
LABORATORY DIAGNOSIS
SIGNIFICANT BACTERIURA The diagnosis of acute infections of the urinary tract can be established by bacteriological examination of the urine provided that contamination by bacteria from the urethra and external genitalia is differentiated from true bacterial infection. This can be achieved in the great majority of specimens by carrying out quantitative bacterial counting (Marple, 1941; Kass, 1957) . Figure 4 is a diagrammatic representation of the results of quantitative bacterial counts carried out on urine specimens from large numbers of hospital patients. It shows a bimodal distribution. In specimens obtained from patients with clinically obvious urinary tract infection, the counts were 100,000 or more bacteria per ml. of urine. In specimens obtained from patients with no history or evidence of urinary tract infection the counts were nearly always below 3,000 bacteria per ml. of urine and there was usually a mixed growth of several different organisms in contrast to the pure growth of a single organism found in the majority of infected urines. In approximately 5% where the counts were between 3,000 and 100,000 per ml., examination of a second specimen resolved the difficulty in interpretation. It is on the basis of such findings as these (Kass, 1956 ) that 100,000 or more bacteria per ml. of urine has become the accepted standard of a 'significant bacteriuria' and it is usually taken as indicating the presence of actively multiplying bacteria in the bladder urine. Under certain circumstances counts may be below 100,000 per ml. although acute bacterial infection is present. Examples are the presence of inhibitory substances in the urine and marked frequency or the drinking of large volumes of fluid when urine is not present in the bladder long enough for bacterial multiplication to have reached the figure of 100,000 per ml. For the same reason, much lower counts may be regarded as indicative of infection in ureteric or nephrostomy urine.
COLLECTION OF SPECIMENS It is important to avoid heavy vaginal contamination and to obtain satisfactory specimens, but, because a single catheterization carries a 4 to 6 % risk of introducing infection (Marple, 1941; Brumfitt, Davies, and Rosser, 1961) this procedure is not justified merely to obtain a specimen for diagnostic purposes. Therefore, investigations are carried out on carefully taken midstream specimens. In the Ante-natal Clinic at Edgware General Hospital every new patient first visits the almoner and is given a printed slip with instructions (available in several different languages) together with a wide-necked disposable plastic container with lid (Metal Box Co.) and a small piece of plastic sponge moistened with hibitane and cetrimide. The patient collects a mid-stream specimen in the lavatory and hands it to the nurse who immediately places it in the refrigerator at 4°C. to await transportation to the laboratory. Approximately 95% of specimens obtained in this way have proved satisfactory.
Instructions for collecting specimens of urine 1 With the specially prepared moisterned sponge wipe the vulva from before backwards. Replace the sponge in the foil container and drop both into the labelled bin (not into the toilet). 2 Allow some urine to pass into the toilet, then allow some to pass into the clean container provided. 3 Clip the lid on firmly.
ASYMPTOMATIC BACTERIURIA iScreening trials initially carried out by Kass (1956) Ryan, Hoody, and Luby (1962) described a technique for quantitative bacterial counts using filter paper strips. This quantitative method has been used in our laboratory to screen a large number of urine specimens for significant bacteriuria.
Strips of sterilized absorbent filter paper, i in. wide, with a foot folded at an angle of approximately 450 i in. from one end, are used. The foot is quickly dipped in the urine, excess drained off by touching the side of the container and an impression of the foot made on welldried MacConkey agar. Each urine is done in duplicate side by side. The number of colonies in the impression area is proportional to the numbers of bacteria in the urine. With the filter paper' used in our laboratory, 30 or more colonies correspond to 100,000 or more per ml. and no colonies to less than 1,000 per ml. Furthermore, in the critical range between 10,000 and 100,000 per ml., individual colonies can be counted, mixed growth recognized, and the bacterial count read off a standard curve. By this method, 50 urines can be put up in less than half an hour using no more than five MacConkey plates.
The triphenyl tetrazolium chloride (T.T.C.) test depends upon the ability of respiring bacteria to reduce the soluble colourless triphenyl tetrazolium chloride to a red insoluble form (Wundt, 1950) , seen as a red precipitate. When 2 ml. of urine is incubated with 0 5 ml. of reagent for four hours at 37'C. a positive result is given by urines containing 100,000 or more bacteria per ml. (Simmons and Williams, 1962) . Figure 5 shows a positive and a negative result. In reading this test, it is important to regard even a fine deposit of tiny red particles as to only 22 % of those due to Gram-positive organisms. Table IV shows the results of a comparison of the T.T.C. test and the filter paper strip technique with quantitative counting carried out on specimens from a further group of 1,203 women in the antenatal clinic (Leigh and Williams, 1964) . This shows the filter paper method to be more reliable than the T.T.C. test in bacteriuria of pregnancy. positive and this can best be done with the aid of a concave mirror. The other chemical screening test, the nitrite test of Griess, depends upon the ability of actively respiring bacteria to reduce any nitrate present in the urine to nitrite so that a red colour develops on the addition of a reagent containing sulphanilicacid, acetic acid, and alphanaphthylamine. Table III shows the results of a comparison of the T.T.C. and nitrite tests with quantitative counting in 1,136 specimens from hospital patients (Williams and Simmons, 1963) and in 3,000 specimens from pregnant women at their first visit to the ante-natal clinic (Leigh and Williams, 1964 (Brumfitt, and Percival 1962; Brumfitt, Percival, and Carter, 1962) , 93% had more than 50 per c.mm. (Little, 1964 ) that when urines contained more than 10 white cells per c.mm., the excretion rate was always above 400,000 per hour which is considered to be abnormally high (Little, 1962 (Thomson-Walker, 1926; Gibson, 1928; Rantz, 1942) and has been clearly demonstrated in postmortem studies (Longcope and Winkenwerder, 1933; Kleeman, Hewitt, and Guze, 1960) . On the other hand, post-mortem studies have also shown that in many patients with significant bacteriuria the infection is limited to the lower urinary tract (MacDonald, Levitin Mallory, and Kass, 1957) . Furthermore, in the living patient, the finding of sterile ureteric urine despite the presence of significant numbers of bacteria in the bladder urine is not uncommon in our experience and has been reported by others (Albeck, 1907. McLane and Traut, 1937; Monzon, Armstrong, Pion, Deigh, and Hewitt, 1963) .
Therefore, it is of fundamental importance to be able to determine in the individual patient with significant bacteriuria whether renal infection is present or not. Unfortunately, a practicable test which would allow differentiation between infection confined to the lower urinary tract and that also involving the renal tissue has yet to be established. We have approached this problem by measuring the 0 antibody response of patients with pyelonephritis and those in whom infection was confined to the lower urinary tract (Brumfitt and Percival, 1964 Pears and Houghton (1959) found that patients with chronic pyelonephritis showed an increase in the urinary white cell excretion rate after the injection of lipopolysaccharide. Normal individuals and those with other chronic renal diseases did not respond in this way. This study was repeated and extended by others (Hutt, Chalmers, MacDonald, and De Wardener, 1961; Leather, Wills, and Gault, 1963) who obtained positive results in only approximately half the patients with definite evidence of chronic pyelonephritis. However, the test was not specific for chronic pyelonephritis since a smaller proportion of patients with glomerulonephritis also showed a positive response. In both studies prior treatment with antibiotics was shown to reduce the incidence of positive results. Subsequently, it was found that injection of prednisolone phosphate gave a somewhat higher incidence of positive tests than lipopolysaccharide when carried out sequentially in the same group of patients (Little and De Wardener, 1962) . The use of prednisolone had the important advantage of not causing the unpleasant side-effects which follow injection of lipopolysaccharide.
We have used the prednisolone stimulation test both as a diagnostic aid in patients with chronic pyelonephritis and as a means of assessing the response to antibiotic treatment in patients following attacks of acute pyelonephritis. In carrying out the test, we merely collect two four-hour urine samples one before and the other after the intravenous injection of 40 mg. prednisolone phosphate and examine the urine for bacteriuria 24 hours later. In 32 patients with chronic pyelonephritis, the test was positive in 13 (40%) but we also obtained positive results in two patients subsequently shown at necropsy to have glomerulonephritis. In 26 patients in whom there was clinical and bacteriological cure after antibiotic treatment for episodes of acute pyelonephritis the test was positive in eight (30%). The significance of a positive prednisolone stimulation test following apparently successful antibiotic treatment was not evident, since none of these eight patients showed a subsequent relapse of infection due to the same organism and at least four have remained free of infection for one to two years.
None of the reports mentioned above contain any evidence as to the underlying mechanisms responsible for the increased white cell excretion obtained in some patients with chronic pyelonephritis. We have only once observed the appearance of a significant bacteriuria following the prednisolone provocation test. It is, therefore, unlikely that the increased white cell excretion rate is due to recrudescence of infection by living organisms present in the renal tissues. Another possibility is that the response to lipopolysaccharide may be a manifestation of a localized form of a Schwartzman reaction due to the persistence of bacterial antigen in the renal tissues. There is evidence from experimental pyelonephritis in the animal that antigen may persist in the renal parenchyma for an appreciable period after the disappearance of viable organisms (Sanford, Hunter, and Donaldson, 1962) and the 0 somatic antigen is contained in the lipopolysaccharide fraction of the Gram-negative cell wall. An alternative explanation is that administration of corticosteroid may have the effect of lowering the host's ability to neutralize any lipopolysaccharide in the process of absorption from the renal tissues and it has been shown that lipopolysaccharide (endotoxin) injection itself leads to an increase in the level of circulating corticosteroids (Melby, Egdahl, and Spink, 1960) . Whatever the explanation, the prognostic significance of the persistence of a positive provocation test following apparently successful antibiotic treatment of acute pyelonephritis in terms of a progressive renal lesion would only be revealed by long-term studies. The possible value of provocation tests in differentiating between pyelonephritis and infection confined to the lower urinary tract in patients with bacteriuria has not been evaluated.
